We study rare gas cluster explosion in an intense, femtosecond laser pulse using Monte Carlo particle dynamics simulations. The obtained dependence of ion energy on ion charge is approximately quadratic for lower charge states and linear for higher ones. This behavior, also observed in experiments, can be entirely explained on the basis of the Coulomb explosion mechanism. Our results also show that electron impact ionization plays only a minor role in ionization.
INTRODUCTION
The intense laser interaction with clusters has been extensively studied for several years.
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Multiply charged energetic ions, 1 high electron temperature, 2 and x-ray emission 3 have been observed in experiments. The lasercluster interaction involves two processes, i.e., ionization and explosion. Several theories have been developed on the ionization mechanism which leads to the production of high charge states. In a coherent electron motion model by McPherson et al., 3 multiple ionization arises from impact by coherently moving electrons, behaving like a quasiparticle. Ditmire et al. 2, 4 proposed a " nanoplasma" model, in which ions are ionized mainly through impact of hot electrons. Rose-Petruck et al. 5 introduced an "ionization ignition (II)" model, where ionization is driven by the combined field of the laser, the other ions, and the electrons. Concerning the explosion dynamics, related to the high ion energy, the nanoplasma model 2, 4 suggests that the cluster expands in a hydrodynamic manner by the pressure of hot electrons confined inside the cluster. Last and Jortner, 6 however, showed that electrons relatively quickly leave even large clusters containing over 2000 atoms and that the genuineness of the nanoplasma is questionable.
In the present study, we investigate the explosion mechanism of rare gas clusters (Ar 55 , Ar 147 , Xe 55 and Xe 147 ) in an intense laser pulse using an improved version of the Monte Carlo particle dynamics simulations used previously by Ditmire. 4 We include ion-electron recombination in addition to tunneling and electron impact ionization, and use real (singular) Coulomb interaction between particles. Our results indicate that electron impact ionization plays only a minor role in ionization and that the experimentally observed charge-energy relation 1 can be entirely explained on the basis of the Coulomb explosion mechanism.
MODEL
The nonrelativistic equation of motion of each ion and electron is integrated using the force calculated as the sum of the contributions from all the other particles and the laser electric field. We model the field from an ion of charge state Q as a real Coulomb one from an effective nuclear charge Q eff (r) of the form,
with Z being the atomic number and r a the "atomic radius" (1.3 a.u. for Ar and 2.0 a.u. for Xe). This potential is more suitable for the description of ion-electron interaction than a soft Coulomb potential used by Ditmire. 4 To handle an ion-electron close encounter, we resort to Kustaanheimo-Stiefel regularization, 7 widely used in astrophysics.
Free electrons appear through tunnel ionization or elecron impact ionization (EII). We evaluate the tunneling rate via an analytic formula 8 using the total electric field seen by each ion, and calculate the EII cross section using fitting formulas by Lennon et al. 9 for Ar and the Lotz formula 10 for Xe. Upon ionization a new electron is placed
Further author information: (Send correspondence to K.I.) K.I.: E-mail: ishikawa@cea.fr T.B.: E-mail: blenski@drecam.cea.fr near the ion in such a way that the total energy is conserved. Free electrons may be recombined with ions. A pair of an ion of charge Q and an electron is replaced by an ion of charge Q − 1 if the distance between them is decreasing, if there is no potential barrier between them, and if the total energy of the electron is negative.
The pulse used in our simulations has a field envelope proportional to sine squared with a full width at half maximum of 100 fs and a wavelength of 780 nm. The clusters used in our simulations are Ar 55 , Ar 147 , Xe 55 , and Xe 147 with a closed-shell icosahedral structure 11 with an atom spacing of 3.76Å for Ar and 4.32Å for Xe. 3. IONIZATION Figure 1 shows the temporal evolution of the mean ion charge state for the case of an Ar 147 cluster (solid line) and individual Ar atoms (dashed line) irradiated by a laser pulse with a peak intensity of 1.4 × 10 15 W/cm 2 . The mean charge state obtained in a cluster gas is considerably higher than that in an atomic gas. Moreover, high charge states up to 8+ were obtained from the cluster gas though it is not explicitly indicated in the figure. In order to examine the importance of EII, we have performed a simulation with EII switched off, whose result is shown as a dotted line in Fig. 1 . It can be seen that EII has practically no effect on the mean charge state. Moreover, the highest charge state produced by EII was only 5+. This result is easy to understand from the viewpoint of mean free path. The electron mean free path with respect to EII of Ar 5+ in an Ar cluster takes the minimum value of 580Å at an incident energy of 300 eV. This is even larger than the diameter of Ar 10 6 (410Å). Thus, the contribution of EII to the production of high charge states is negligible. A similar argument holds true for Xe clusters. On the other hand, once several atoms are ionized, the total electric field strength seen by each ion can be significantly larger than the laser field alone. This leads to high charge states, driving further tunneling ionization, just as in the II model. 
CHARGE-ENERGY RELATION
In Fig. 2(a) we plot the relation between the mean ion energyĒ and the mean charge stateQ. The relation can be modeled withĒ ≈ αQ 2 , where α is a constant. This indicates that ions are accelerated mainly through a Coulomb explosion mechanism. In fact, electrons quit the cluster before they exchange significant energy with ions, which excludes a hydrodynamic scenario. A 147-atom cluster consists of a central atom and three closed atomic shells. The outermost and middle shells are composed of three and two subshells, respectively. In Fig. 2(b) we plot the mean energy E s (Q) of the ions with a charge of Q in subshell s (s = 1, · · · , 6) of Xe 147 in the case of a peak intensity 8.8 × 10 15 W/cm 2 . We can model the relation with E s (Q) ≈ β s Q, where a constant β s depends on s. In Fig. 2(b) we have also plotted the average E(Q) of E s (Q) over the entire cluster as filled circles. Again E(Q) is approximately proportional to Q. We have found that this holds more or less also for Ar 55 , Ar 147 , and Xe 55 and for other values of laser intensity. We simulated the pure Coulomb explosion of Xe 147 , neglecting the electronic fields in the ionic t Figure 1 . Evolution of the mean charge state per ion in Ar 147 (solid line) and an atomic gas of Ar (dashed line) irradiated by the pulse with a peak intensity of 1.4 × 10 15 W/cm 2 . The dotted line is the result for Ar 147 with electron impact ionization switched off. equations of motion but taking account of the ion charge history obtained for the case of Fig. 2(b) . The resulting energy-charge relation is very similar to that in Fig. 2(b) . This confirms that the approximately linear dependence is due to the mutual Coulomb repulsion between ions.
Lezius et al.
1 found a quadratic charge dependence of ion energy for lower charge states and a linear dependence at higher charge states in their experiments with Xe clusters. If we take a spatial profile of the laser intensity into account, we observe a similar behavior in our simulation results. This is illustrated in Fig. 3 , which shows the ion charge-energy relation that we obtained by taking average over the simulation results with different values of intensity as in Fig. 2(a) . It can be seen from Fig. 3 that the relation is quadratic for lower charges and linear for higher charges. This behavior can be entirely explained as a consequence of Coulomb explosion as follows: for lower charges, the contribution to each charge state Q mainly comes from such a spatial region where the mean charge state equals to Q. As a result, we obtain a quadratic relation, corresponding to the one in Fig. 2(a) . On the other hand, ions of higher charges come from the same region where the intensity is highest. This leads to a linear relation, corresponding to the one in Fig. 2(b) The preceding discussion has an important impact on the interpretation of the experimental results by Lezius et al..
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These authors interpreted the linear relation found for higher charge states as a sign of hydrodynamic expansion. Our results, however, indicate that this is not necessarily correct.
CONCLUSIONS
We have studied the explosion of rare gas clusters containing up to 147 atoms in an intense laser field via Monte Carlo particle dynamics simulations. Electron impact ionization plays only a minor role in ionization. The entire charge dependence of ion kinetic energy, including a linear part at higher charge states, formerly attributed to hydrodynamic expansion, can be understood on the basis of Coulomb explosion.
It is true that our simulation results cannot directly exclude the possibility of hydrodynamic expansion in larger clusters containing over 1000 atoms. However, it is striking that the overall feature of the charge-energy relation in Fig. 3 is similar to the one obtained by Lezius et al. 1 Last and Jortner 6 showed that electrons quickly leave even large clusters containing 2097 atoms. Moreover, according to our results, the mean energy of ions is 10-20% higher when they are emitted along the direction of laser polarization than perpendicular to it, which agrees with a recent experimental finding.
14 These agreements strongly indicate that the cluster explosion may be essentially governed by Coulomb explosion also in large clusters.
